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We consider using toroidal curved detectors to im-
prove the performance of imaging optical systems. We
demonstrate that some optical systems have an anamor-
phic field curvature. We consider an unobscured re-
imaging three-mirror anastigmat as an example (f’=960
mm, F/5.3, ωxxωy=4◦x4◦). By assuming that the image
is focused on a toroidal detector surface and perform re-
optimization, it becomes possible to obtain a notable
gain in the image quality — up to 40 % in terms of
the spot RMS radius. Through analytic computations
and finite-element analysis, we demonstrate that this
toroidal shape can be obtained by bending of a thinned
detector in a relatively simple setup.
OCIS codes: (040.1520) CCD, charge-coupled device, (220.1000) Aberra-
tion compensation, (220.1080) Active or adaptive optics, (110.6770) Tele-
scopes.
http://dx.doi.org/10.1364/ao.XX.XXXXXX
1. INTRODUCTION
Manufacturing of curved detectors is one of emerging technolo-
gies, which will define the performance of next generation op-
tical instruments. Since the topic was introduced for the first
time [1], [2] and the early practical results with such detectors
in imaging systems were shown [3], their advantages have
been explored in a number of publications (see for example
[4], [5]). Recent use of curved detectors in large instruments
like Space Surveillance Telescope (SST) [6] has demonstrated
the impact of these advantages on groundbreaking applica-
tion. With a curved detector there is no need to compensate
for the Petzval curvature in focal planes. This implies that a
certain number of degrees of freedom can be released to correct
other aberrations. thus, a better image quality can be achieved.
On the other hand, the optical design can be considerably sim-
plified, with a decrease of the number of surfaces, their shape
complexity, volume and weight of the system. On top of these
advantages, the use of curved focal planes allows to gain in the
image relative illumination. A number of functional detectors
were fabricated with use of different techniques like etching
of silicon micro-springs [7], bending of a thinned chip with
an electromagnetic force [8], mechanical force [9], air pressure
[10] or thermal deformation [11]. However, all of these devel-
opments considered only generation of a spherically shaped
focal plane array. Meanwhile, there is a large number of optical
system for which the actual shape of the image surface is more
complex. Moreover, in some cases this shape is anamorphic, i.e.
it has no rotational symmetry. Recently the authors explored the
possibility of using toroidal detectors in a high-performance tele-
scope [12]. This work represents a more systematic study of the
topic. The main goal of the present paper is to demonstrate that
by accounting for this anamorphic shape of the image surface, it
is possible to achieve a notable gain in terms of the image quality.
At the same time we will show that practical implementation
of such a detector shape requires only a slight modification of
the existing bending technique and doesn’t introduce any sig-
nificant complexity to the manufacturing process. The paper is
organized as follows: in section 2 we briefly describe the design
strategy and algorithm; in section 3 we present a sample three-
mirror anastigmat (TMA) design and show the image quality
gain achievable with a toroidal focal plane; in section 4 the feasi-
bility of this curved detector is demonstrated with finite element
analysis; section 5 contains concluding remarks.
2. DESIGN CONCEPT AND ALGORITHM
The main idea of this study consists in using a toroidal detector
shape to fit an anamorphic image surface. In order to show the
potential advantages of this concept and its practical feasibility
we perform the following steps:
1. We consider an optical system containing a deviation from
rotational symmetry and calculate the field curvature sepa-
rately for the X and Y directions.
2. The image surface is turned into a toroid. The values de-
fined at the previous step are assigned to the curvature radii;
they are set as variables.
3. The optical system is re-optimized with standard tools. The
boundary conditions require maintenance of the main opti-
cal parameters and the principle geometry.
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4. For the found radii of curvature the corresponding shape
of deformable substrate is computed. The X and Y sections
are considered separately.
5. A solid model of the substrate is created and tested with a
finite-element analysis (FEA) technique.
6. The analysis is repeated for an assembly including the sub-
strate and the detector chip glued on the top. The mechani-
cal load is adjusted iteratively to fit the required sag.
3. EXAMPLE OPTICAL DESIGN
Here we show the proposed design approach on an example of
a re-imaging unobscured three mirror anastigmat (TMA) tele-
scope [13],[14]. Such optical schemes provide relatively high
image quality for an extended field of view and are widely used
for different application. This particular design is notable for
having a real exit pupil which is often required in infrared sys-
tems. Since the design is based on off-axis aspheres, the Petzval
curvature should be different along the X and Y axes. Thus
this case should fit our concept and below we demonstrate it in
details.
A. Telescope design description
The general view of the telescope optical system is shown on
Fig.1. The demonstrative example under consideration has the
focal length of f’=960 mm, the aperture of F/5.3, and a rectangular
field of view ωxxωy=4◦x4◦.
Fig. 1. Optical scheme of a re-imaging unobscured TMA tele-
scope ( f’=960 mm, F/5.3, 4◦x4◦). The same principal geome-
try is used in the initial design with a flat detector and in the
re-optimized design with a toroidal detector.
All the three mirrors are hyperbolic sections with a common
axis and they are used off-axis in both aperture and field angle.
The surface of each mirror is described by the conic section
equation:
z(ρ) =
1
R ρ
2
1+
√
1− (1+ k)] ρ2R2
. (1)
In contrast with a spherical surface the curvature varies with
the coordinates and it depends on the direction. The curvature
radii along X and Y (i.e. in the tangential and sagittal directions)
are:
Ry(x, y) =
[
1+ ( ∂z∂y )
2]3/2
∂2z
∂y2
; Rx(x, y) =
[
1+ ( ∂z∂x )
2]3/2
∂2z
∂x2
. (2)
It is then possible to calculate the Petzval curvature radii
along X and Y separately
R f y(x) =
1
∑ki=1
2
Ry(x)
(3)
By applying the equations (2)-(3) to the current design, we
obtain for the focal surface radii R f y = −1699.7mm; R f x =
−1134.4mm. Then we re-optimize the entire design with the stan-
dard tools implemented in the Zemax software varying the radii,
conic constants and distances, but keeping the focal length and
the principal geometry to avoid obscuration. After the optimiza-
tion we obtain R f y = −1808.2mm; R f x = −1188.9mm. The mir-
rors surfaces remain standard second order aspheres, though
their exact shape slightly changes:the root mean square (RMS)
deviations from the best fit spheres (BFS) in the initial design
are 53.9, 25.6 and 60.9 µm for the primary, secondary and ter-
tiary, respectively; while in the re-optimized design they are
47.8, 22.1 and 60.9 µm. Further we demonstrate the image qual-
ity achieved in this design.
B. Image quality analysis
To asses the image quality we consider the map of spot RMS
radii depending on the field (see Fig.2) and the encircled energy
plot (see Fig.3)
Spot RM
S radius, µm
Fig. 2. Field map of the telescope - the spot RMS radius vs.
linear coordinates on the detector surface. The maximum
value is 15.3 µm , the mean is 8.9 µm.
In order to demonstrate the gain obtained by use of the
toroidal detector we consider the difference between the spot
radii maps for the initial design with a flat detector and the
new one (Fig.4). The advantage of the toroid-based design is
substantial.
4. FABRICATION OF THE TOROIDAL DETECTOR
We assume that the curved detector is manufactured by warping
a back-thinned detector chip attached to a deformable substrate
[15]. In this particular case we consider a variable thickness
distribution (VTD) plate deformed by an uniform pressure and
reaction at the edge [16], [17]. This case leads to a cycloid-type
VTD, which remains relatively simple when extending it to the
case of toroidal shape. There are other options like deformation
by a center force and an edge reaction or center force combined
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Fig. 3. Energy concentration plot for the telescope with
toroidal detector at 3 control field points. All the values ap-
proach the diffraction limit at 30 µm (the reference wave-
length is 550 nm).
Spot RM
S radii difference, µm
Fig. 4. Difference of the spot RMS radii between the telescope
designs with flat and toroidal detectors. Similarly, the map is
given in the linear coordinates on the detector surface. The
maximum value is 13.8 µm, the mean is 5.4 µm.
to a uniform load. Using a constant thickness plate controlled by
a number of individual actuators is also possible. However, this
option is out of preference due to complexity of the actuators
calibration and possible generation of high-order deformations
[18].
A. Theoretical elasticity analysis
For the chosen geometry type we can use the following equation
to define the VTD plate profile:
t(r) = −
[
3(1− ν) qR f
Ea
(
1− r
2
a2
)]1/3
a (4)
Here ν is the plate material Poisson ratio, E is the Young’s
modulus, q is the uniform load value and a is the plate semi-
diameter. The equation (4) is applied separately for the X and Y
directions. Besides, the condition should be matched to keep the
same center thickness:
ax =
√
R f y
R f x
ay (5)
Assuming that the substrate is made out of an aluminum
alloy (see the mechanical properties, for example, in [19]) and
that the uniform load is 105 Pa, we obtain the profiles shown on
Fig. 5.
Fig. 5. Theoretical thickness distribution for the deformable
plate in the tangential and sagittal sections. Further they are
used to construct the variable thickness distribution plate as
the generating curves.
B. Finite element modeling
To finalize the elasticity design we built a solid 3D model of
the bending mechanism, where the deformable substrate is con-
nected to a bulky ring by a thin collar. The anamorphic substrate
was obtained by combination of the two analytical profiles with
an elliptical generating curve. More details about the approach
to design an analogous bending mechanism can be found in
[21]. We must note that this shape can be manufactured by Com-
puter Numerical Control (CNC) milling or by 3D printing [20].
The silicon chip is thinned down to 100 µm and attached on
top of the substrate with a silicone glue.
The detector bending was modelled with a FEA software.
In order to account for the additional layers influence and mi-
nor changes in the plate geometry the pressure was changed.
The final adjusted value is 1.12105 Pa. The results of the FEA
simulation are shown on Fig. 6.
N
orm
alized deform
ation, rel. units
Fig. 6. Results of for finite element analysis. The color map
represents normalized deformation of the plate, the green
arrows indicate fixed geometry and the red ones are for the
bending load.
When comparing the obtained shape with the required toroid,
we find that the residual discrepancy is quite small with an RMS
value lower than 2.0 µm (see the deviation plot in Fig.7). This
difference cannot affect the image quality.
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Fig. 7. Residual sag error of the curved toroidal detector
shape: the difference between target toroidal shape and the
FEA results (PTV=7.4 µm, RMS=1.9 µm). This deviation can-
not affect the image quality.
5. CONCLUSIONS
We proposed an approach to design optical systems with toroidal
detectors. It was successfully shown on the example of an off-
axis TMA telescope that re-optimization with a toroidal detector
makes it possible to achieve a notable gain in the image quality
(up to 40 % in terms of the spot RMS radius). The optical scheme
has the same principal geometry and uses the similar aspher-
ical mirrors as the initial one. At the same time, the toroidal
detector can be manufactured with use of a bending mechanism
designed on the basis of analytical computations. In conclusion
we would like to mention a few of the key potential applica-
tions of this design approach. It can be applied for existing
off-axial optical designs like the one presented here. Also it can
be extremely useful when creating new, unobscured, decentered
imaging systems. Other classes of optical schemes without ro-
tational symmetry like spectrographs and systems with image
slicers [22] can benefit from using toroidal detectors. However,
one should perform a thorough aberration analysis before per-
forming the re-optimization. If the image quality is dominated
by other aberrations (especially coma-type aberration) the ad-
vantage of use of the toroidal detector can be negligible.
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